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WC? will complete thu intermediate disk b.uf;ter in conj!jnction 
with the ACRE follow-on system transition to dllou routine 
collection and filing of sequantidl spectra. We will exercise the 
systerr OIJ body fluid sclmnples in support of our clinical 
applications and the development of interpretation pro.grams. As 
developments occur which improve sensitivity, we will incorporate 
these to extend the pouer of the system. 

c) Alli'OPSATEL, 'X/M!; DATA REDlJCPlO~~ 

The approach de%r.ibed above is still in the formntivc: 
stage. We will complete the development anti implementation of 
these ideas, test tht?m in the clinical application domain ct~~u 
[JrOdUCe an automated system suitable for routine use by thz 
biochemist. 

With the development of d more automated method for 
acquiring metastable information under subtask (a) plans, we will 
develop and exercise the strategy planning aspects of the 
Heuristic DEYDKAL I~rograws in connection with managing a urine 
annlysis GC/tiS run. 'This will be a simulation of closed-loop 
operation intended to r!emonstrate the feasibility and r~eed for dn 
actual implementation of these ideas. In support of these 
closed-loop simulations ue will investigate the fedsrbility or 
instrument mode switching and simple contrul function such iis ion 
source and electrostatic analyzer potentials and magnet scan. 

HRFERRNCE - PART B(i) 

1) Lcdcrberg, Joshua, "Rapid Calculation of Moleculnr Formulas 
from fiass Values, I@ Journal of Chemical Education, Vol. 49, Page 
613, Lepteraber, 1972, 



Joshua Lederberg 
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Stanford University 

Stanford, California 94305 Formulas from Mass 
Molecular 
Values 

T h(> calwlaf ion of niolrwlnr romposi- 
tions wnsistcwt~ \vith :L giwn range of mass v:duc~s :triws 
pnrtirularly in mass spwtrometry. Although this 
can b(l a trivial (~xwciw on the wmputw, it, has bwn 
vexing to do by hand. l’ublishcd tables, p.g., Beynon 
and Williams,’ art’ bulky, and novc~rthcless cover a 
limited range of at,om values. The values arc also 
a\vkward to search, not having been sorted. 

The following approach was designed for :I desk 
calculator that’ ought to be available to any student. 
As it involves only a few addit’ions and subtractions, it 
can-howibilis dictu-even be done by hand. Furthrr- 
more, it lends it(self to real t’ime implementation on 
small computers t’hat lack high precision “divide” in- 
structions in thrir hardware. 

The basis of the calculation is the table, which is an 
ordered list of the mass numbers of the formulas for H 
from 0 to 10, N from 0 to 5, and 0 from 0 to 11. It 
contains only those compositions whose masses arc an 
integral multiplr of 12. Any number of C’s may then 
be nddcd as required. 

The use of the table is best explained by a specific 
cxamplc, say m = 259.09 f 0.001. 

Step 1. Since 259 z 7 modulo 12, S H’s (5.03913) will be bor- 
rowed to give m’ = m + 5H = 264.129. This is then divided 
into ~1’ = mi + ml; mi = 264 (du 12); m/ = 0.129 f 
0.001. 

Step d. The table is searched for entries that correspond to ml 
and whose mass does not exceed mi. (mi is expressed as nii/12 = 
C-equivalent.) We find none in this cycle. 

Step 3. We therefore remove 12 H’s (12.0939) to give m” = 
m’ - 12H = 232.03.5 f 0.001. The t,able now has entries at 
0.034 (HeN108), 0.035 (HIoNOO) and 0.036 (HBN~O~). These will 
he completed in Step 4. 12 H’s are again removed until m, falls 
helow - 0.0498, the bottom of the table. In our example, this 
occurs at t,he next cycle. 

Skp 4. The table cntric~ nrc now complet,ctl a~ follows 
AdsI 
(:‘S Check ,“a~+ 
10 :\<ljllnt (CornJxm! 

make Imrlnved 2.5!J.OYOO zt 
II,, m” 11’8 0 0010) 

34 0.034216 IluNdh mi = CM Cb Glll~N,Ch 2.5!9 08’J 
:15 O.O355ii!J IIwNOo fP%i = (:I( Cl C~lInNOr 2.59. OYO 
36 0. cw8Y5 ItsNsOs mi = CM Cs CslinNsOs 25Y.0’32 

S~rp 6. Various criteria of chemical plausibility can be used to 
filter the list. Since the valence rules allow H’s to a maximum of 
2 + 2C + N, nmle of these compositions is oversaturated. 
C5H,5N,OR however has an odd number of H’s and may therefore 
represent a free radical. 

If wider ranges of hetero atoms are contemplated, adjustments 
of blocks of 6 N (84.01844) and 12 0 (191.9389) can be applied 
repetitively in a fashion similar to Step 3 so long as the adjusted 
mass allows. 

In fact m” = m - 6N - 7H = 168.017 +Z 0.001 lends to Cb- 
HLINsO+ m = 259.090. Further, m - 12N - 711 = 83.99!) f 
0.001. We read this as m; = 84; nz, = -0.001 and find two en- 
tries in the table: -0.000826 (HeNO~o) and 0.000510 (H2N206), 
whose mi however >84. 

The table is arranged so as to illustrate its use in a 
fast computer program. A linear array with 138 cells, 
indexed as shown, has entries t,hat nrver slip more t,han 
one position away from the value of the index. The 
composit,ion values can thcrcforc be acccsscd by direct 
lookup, obviating a table search. A card deck version 
of the table is available on request from the author. 

This compilation is a greatly shortened form of some 
tables t,hat were published some time ago.2 

This work has been supported in part, by the Advanced Re- 
search Projects Agency (contract SD-183), t,he National Aero- 
nautics and Space Administration (grant NGR-05-020-004), and 
t,he National Instit,utes of Health (grant GM-00612-01). 

* BEYNON, J. H., AND WILLIAMS A. E., “Mass and Abundance 
Tables for use in Mass Spect,rometry,” Elsevier, Amsterdam, 
1963. 

2 LEDERBERG, J., “Computation of Molecular Formulas for 
Mass Spectrometry,” Holden-Day, San Francisco, 1964. 

Table of Mass Fractions for all Combinations’ of H, N, 0 (H s 10 N 5 6 0 5 11) 

Index m, x 10s H N 0 =c Index m, X 10’ H N 0 =c Index mr x 106 II 

-49 
-45 
-38 
-37 
-34 
-30 
-25 
-24 
-23 
-21 
- 19 
-15 
-14 
- 13 
- 10 

1; 

1: 
-2 
-1 

- 49787 -45765 8 
-38554 0 
-37211 2 
-i4532 0 
-30510 0 

- 25978 -24635 i 
- 23299 0 

-21956 - 19277 i 
- 1525B 0 

-14745 -13402 : 
-10723 2 

-!J380 
- 8044 d 
-6701 2 
-4022 
-2169 : 

-826 6 

C-0 049 to -0 0008) 

11 17 0 
9 12 1 

:‘: 18 16 i 
i 13 

1; 
i 

:: 15 i 

x 14 12 10 11 

x : 2 

1X 18 16 f:: 
;: 13 18 

4 :A 4: 

5 
9” 

: ;: 

10 :5 z:: 

z,” 
30 

51: 0 

1853 4” 

4532 5875 z 

E: z 
8554 

10407 i 

::z : 
14429 6 

15765 17108 .2 
18Q61 8 
19787 
21130 : 

21640 22983 : 
25662 
27005 Yi? 

28341 29684 d 
31020 2 

(Oto0.03) 

31.537 10 
32363 4 
34216 8 
35559 10 
36895 
38238 : 
40917 6 

42260 42770 1: 
4.3.596 4 

44939 46792 1: 

49471 50814 1: 
52150 6 
534Q4 8 
56172 fl 
57.515 8 
58025 
62047 :o” 
64726 
66069 1: 
68748 
73280 1: 
77302 10 
81324 10 
88535 
(0.03 too.odP 

N 0 =C 

~1 Arranged SO that the index for each entry agree8 with 1000 X m, f 1.9. 

(Reprinted from Journal of Chemical Education, Vol. 49, Page 613, September, 1972.) 
Copyright 1972, by Division of Chemical Education, American Chemical Society, and reprinted by permission of the copyright owner 
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PART. b- (ii) ANALYSiS OE' 'I'HE CHEMlCAL COtiSTX'l'UtiNT~ OF UOUY FLUID-; 

OBJEC'f1VES: 

The overall objectives of this part of the propos;dl CILC to 
develop the uses ot gas chromatogtaphy {Gc) ii’nd mass spectr(>irlet LY 

(MS), under “in telliqen tt4 computer management, for the clinical 
screen inc7, diagnosis, and study of errors or metabolism. 'The 
efficacy of these analytical tool& has teen demonstrated uhuu 
applied to lllnited populations of urine sdwples in tht! resc?arch 
laboratory environment. tie propose to enlartje the clinical 
investigative applications of SC/rlS technoloyy and to demonstrate 
its utility for the diagnosis and screenin, or disease states. 
Specifically we will apply our GC/MS analysis <zapabilities to 
larger and more diversified populations to s.stabli;.h better 
defineu norms, deviations related to identifidole dib,aase :;t(itt?t;, 
and contr-01 parameters required to refU(JVe ;lmb.iyuities tram 
results. 

DACKGROUhiU AND PROtiRES3-j: 

For some time we have Eocussed a substantial part of our 
effort on exploiting the use of the mass spectrometer as 3.n 
analyticill instrument for- biochemical purpo:;es. our central 
:ipprodch has been to ir!t.cqrnte the mass spt.:ctrometc;!r with t-he g,js 
chromatograph on the one hand xnd with @*intelliTJt:ntl' computer 
management 30 the other. Gas chromatography is a versatile dnd 
broadly apyllcable method for the separation of biochemical 
specimens into a large number of aistinct hut unnamed fraction:;. 
'The wdss spectrometer has unique power to analyze such fraction?; 
and give inEormation relevant to their mol:?cular structure. 1L'ht! 
computer becomes indispensable for the overall management ~)i thL> 
system and for the reduction and interPretdtion of the large 
volume of data emanating from the analytical instruments. cur 
effort in instrumentation, therefore, is dn integral prt ;,f this 
research and comprises a good :feal of computational software 
cmnracing both real time instrnment and data m,3nngement as well 
ds artificial intelliqence. It also requires considerable efrort 
in electronic and vacuum technology for- the instrulaehtdtion 
hardware, and a coherent system approach for the overdll 
inteqrntion of these comtjonents. .L’hese dspccts of the effort artA 
described in section B(i) of this proposal. 

‘The toUt.ine Screening Of fIOrI[lal and dtinOLIF3l LOdy 
mctabolites, as well as ctruys and their met abolite:;, 111 huzan 
body fluids (ref 1) is currently the object of severirl feG<ZdCCii 

programs;, Various non-specific methods, includincj thin layer (r,!f 
2, 31, ion exchange (ref 4, 6), liquid (ref 5), and gag; 
chromatography (ref 7-10). are used primarily with the goal of 
separdting a large number of unnamed constituent materials. riherl 
used in con junction with miiss spectrometry, these mathods ba~on!~~ 
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specific an3 provide a powerful means of positive identification 
of metabolites in human body fluids (ref 11-13). Of these 
tee hn iques, qas chromatography is the most convenient to 
interface to the mdss spectrometer because the carrier gas cdn 
easily ho temoved as the analysis proceeds on a continuous rlow. 
i3ascd upon the references cit.ed, ds well as our own on-yoinq 
pcoyrams, t.hti ability of the K/M; technique for the analyt-;is of 
bodv fluids is well establishe3. he have drawn upon the publisher 
literature in helping to design our experimental protocols. 

:I 

:it.dndacrl chemicdl procedures for extr<ictiny, derivdtrzing, 
and hydrolyzing urine dud plamd are used tor the GC/Es analysi:, 
(rcf 13). These proct:dur<:s permit separation of the followi nj 

classcb of substance:;: acids, phenols, amino acids, and 
carbohydrates, It is possible t.o detect free or con jugdted 
compounds ui thin these classes;. 

The qas chromatograbhic analysis of each class of comkoundL- 
presents d metabolic profile. G bnor ma1 profiles (cont<Anin j 
cithsr excessively large peaks fr-om one or more components or 
peaks which do not corre:;pond to metabolites usually encountcret!) 
are then assayed by utdss spectcometry. The Ina% Spectra recordel-! 
during the elution of each gas chromatographic peak then ;;t!rve to 
rdentify the constit.ucnts present in that peak. 

P!o?;t mRtlica1 centers have access to am ino dcid andlyz?rs i I: 
order to screen patients for metabolic abnormalities of thr: 
princitlal amino acids, but unless a special research interest 
exrsts, other errors of orctabol ism cannot easily be studiecl. At. 
this inst.it.ution t.he GC/nS system provides us the opportunity tv 
detect (1 vide variety of errors which show accumulation of novel 
,Xmino acid>;;, fatty acids, and many other mctabolites in urine, 
blood, and other biological fluids and tis:;ues. 

liriri~ is known to contain sevcrnl hundred organic compound 
The sel,ntation (gas chromntoclra1;hy) and hence identification 
(IIId!iS :.:pectroinctry) or these components would be an extremely 
difficult task. To :;implify the saparatOion problem the urine is 
chemically separated into four rrdc tions a:; illustrated in the 
follouin~J iiiaqram. 

;. 
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UHINb (pt! = 1, inteLna1 :<ttali(inrds added) 

t 
I 
I et. her ex t I dC tiorr 
I 

-------------------------------- 
I I 

ether phase aqueous phase 

(free'ticlds) 
I 

-------------------------------- 
A 

(carboh id ra tes) 
I I 

(amkno acids) I 
c B 

t tydrolysls 
I 

--------------------------------- I 
ether phase 

(hyrlrolyzkd dcids) 
u 

Tlio experimental procedure used for working with ;I urlnc 
sample is as follows. To tin aliquot (2.5 ml.) of a L4 hour uriny 
sample is added bN hydrochloric acid until the yh is I. Two 
internal standards, n-tetrdcosane and L-amino octanorc ac.ilJ drc 
then arided. r;ther cxtr<iction isolates the tree acids (fraction i\) 
which dre then methylateci and 3nalpzed by qas chromdtoiraphy-mass 
spect~.oaetrg. An aliquot of the atiueous phdsc (0.5 ml.) is 
concentrated to dryness, reacted with n-butanol/hydrochloric acid 
tollowed by methylcne chloride containing trifluoroacetic 
anhydride. Ttkis procodurc? derivatizes any amirlo acids (or rtdter 
soluble amines) which arc then subjected to tiC/Mi analysis 
(fraction 8). Another alrquot ((r-S ml) of tht? aqueous phas+? can 
be derivatized for the detection of carbohydrates (Frdctio4 C). 

Concentrated hydrochloric acLd (0.15 ml) is added to the 
urine (1.5 ml) after ether extraction and the mixture hydrolyze;: 
f:oc 4 tlours under reflux. Ether extraction separates t>he 
hydrolyzed acid fraction (0) uhich is then methylated.and 
analyzed by W/MS. A portion of the aqueous phase (0.5 ml) from 
hydrolysis of the urine LS concentrated to dryness and 
derivatized and analyzed for amino acids (Fraction E). 

A s- an example of the 
biomedical problems, 

lipplication ot these method:; to 
we can use some recent studies we have 

undertaken on the urine of a patient suffering from acute 
lymphoblastic leukemia. The gas chromatographic profile (tr~urc- 
I) of thP amino acid fraction 3t his urine shored the pteszncc cif 
an abnormal peak (A). The mass spectra (Firlure i) recorded duril;:j 
the lifetime of this chromatographic peak identified this 
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component ds beta-amino isohutyric acid from a comparison with ,I 
literature (ref. 19) spectrum of authentic material. Quantitdtion 
showed that this patient was excreting 1.2 qrdms per d(~y or 
beta-amino isobutyric acid. After medical treatment this 
metaholitc was no longer detected in the patient's urinr? thC?L-@hy 

raising the question of whether beta-amino isobutyric dc.id crln ic? 
used as a metabolic siqnature foK the recognition of 
lymptoblastic leukemia and for the status of the disease ill the 
course of the treatment cycle. Beta-amino isobutyric acid has 
been observed in the ur.ine of 5 patients suffering from leukemid 
dnd in all instances it disappzarcd immediately folluving lirng 
therapy. UC are continuing our sturdy of this relationship in view 
of the recognized excretion of elevated amounts ot betd-amino 
isoblityric acid as the result of d genetic trait. For instance 
Harris et al. (ref. 14) observed daily urinary excretions of 
'70-3JO mrj OE beta-amino isobutyric acid and noted that hikitoric:; 
of high excretion 1evel.s tended tc, exist in palticuldr families. 

A** a second example of the dpplicdtion of ~C/fl:, to 
biomedycal problems we cdn cite preliminary studies on 
approximately 80 urine sdmples from a total of 11 premrlturF or 
"small for gestational age@' infants. This prolect was undertaken 
to investigate the phenomenon uf late metabolic acidosis. This 
condition is charactcrised by low blood pi-i level:;, poor werght 
,jain, tlnci, as distinct from respirat.ory acidosis, onset {iftcr the 
second day of life. It:; incidence is higher in infants whose 
birthweight is less than 1750g (one study shows 92% incidence for 
these children) thdn in infants with birthwciyht YEedt?r than 
175Oq (Z&X}. 

Ot the 11 patients studied we were able to observe b closely 
and continuously for periods r3nyLng from 6 to H weeks from clay 3 
of life. Thtee of these infants hdd birthwcights below 1000~ an<; 
the other thcee were borrl weighing less than 15Oi)q. of the 6, 
five showed symptoms corr2spo1rd iny to late nletdbolic Cicido:‘;i:; Ci~~(i 
the other !;howed normal and even development. l'he tivc int,Ants 
:;howing the acidosis all excreted very lartjc dmCJUIltS of 

p-hydroxypbenyllactic dcid together with smdller amounts ot 
p-hydroxyphzrlylpyruvic acid an3 p-hydroxypheaylacetic ncid. Aft.L+r 
reaching a peak, the presence af these compounds in the urine 
,Jradually diminished and almost completely disappeared at the 
time blood pti and weight qain had returned to normal. 'The infant 
vlho did not show symptom:; of acidusis only excreted minute 
clmounts of these compounds during the period of observation. 

The occurrence of large amourlts of these compounds in the 
urine indicates a temporary defect in phenylalanine-tyrosine 
metauolism and dietary fclctors such as protein and vltdmin intake 
can be shown to affect the incirieme and the severity of the 
condition. It is hoped that further studies will result in a 
clearer picture of rclationshiks between the condition and diet 
and hence lead to a reduction in its occurrence 

In the course of these studies, we have recognizeci two cirear:> 
where computer analysis of: the data is important in order to 
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handle the volume oE datcl involved and to standardize the 
analyses performed. At present these operations, GC profile 
analysis and mass spectrum identification, are largely manual.  1.n 
the ca:;f3 of GC profile analysis, dpproximately 110 peaks for eaci: 

prof i1c.F must he  analyzed in terms of their position:;, size:;, etc. 
relative: to other pedks i.n the profile dnd i~istLUfl~eIlt pdCdilletcff:i 
to c?v<llunte the prc?sence or nbt;ence of abnorm~~litics. Z'or each 
abnormal peak, a  number  ot mdss spectra (5 to IO), edch 
containinq ion abundance acdsurements at approximately 5OU 
masses #  must be  compared against cataloqued known matcrinls ror 
identification. If the material is not in the catalog, the mdss 
spectrum must be  interprkted from basic principles, using high 
resolution spectrometry and other data sources ar; approprL*te. 
Yhese are very tedious operations requirin,j automation for even 
the proposed lim ited screening volume. The developmental aspects 
of these computer-related portions of the research program dre 
discussed in the other sections of this proposal. 

FUTURE PLANS 

In the next grant period we plan to extend our efforts in 
applying GC/tiS tecksrtiques to clinical problems both in terns of 
dcfinirr,3 narms and in ter'ss of studying identifiable disease 
states in collaboration with clinical investigators. 

The most appropriate target material for this developmental 
effort is the metabolic output ot NORMAL subjects under 
controlled conditions of diet *nd other intdkes. 'I'hc? eventrlal 
application of this kind of analytical mathoaoloqy to the 
diagnosis of disease obviously depends on the establishment of 
normal baselines, and much experience already tells us how 
important the inf lUenCe Of nutrient and mediCdtiOn intake cdl1 b2 

in influencing the composit ion of urine, body fluids, and .t)reath. 

Among the most atttractive subjects for such a  baseline 
investiqation are newborn infants already under close scrutiny ~a 
the Premature Research Center and the Clinical Research Center of 
the Depattment of Pediatrics at this institution. Such patients 
<ire currently, for valid med ic31 redsons, urrder a degree of 
dietary control ditficult to ma itch under any other circumstance. 
8any other features Of t-heir phySiOlOgiCd1 COnUitiOrl drc? b2ilrcJ 

carefully mon itored for other purposes as well. ,9.'hc examin?tlon 
of their urine and other effluents is therefore accompanied try 
the most economical context of other information and r<+quires: the 
least disturbance of these subjects. 

Two obvious f<ictors which could profoundly influence the 
excretion of q etabolites detected by GC/hS are maturity and diet. 
He have already initiated a  program for serial screening of 
urinary metabolite excretion in premature infants of various 
gestational ages and determination of changer; in the pattern ot 
G?XCretiOri Of VariOuS metdbOlit2s ds a tUnCtiOn Of dgi' fOllOWln<j 
birth. 'rhesa studies are being performed on infants aclrcittvci to 

P-53 



the Center for Premature Infants and the Intensive Care Nurst?ry 
dt Stanford, a source of some 500 premature infants per ye<rr. In 
addition, in conjunction with an independent study on the ofL‘ects 
of both quality and quantity of oral protein irltake on the 
incidence and pathoqenesis of Iate metdbolic dcidosis of 
premdtucity, we plan to mdasure the urinarv excretion patterns of 
various netabolite:; and thereby partially assess the effect of 
diet on this screening method. 

tie shall use the analyses on blood and urine specimens tram 
normal individuals in the final development OL rapid, nutomateu 
identification of compounds descrlbod by III~SS spectr-omotry. 'The 
comput(;?r will be used to mdtCh an unknown IRCLSS spectrum with 
reference :;pectra conta.ined in colaputer files. Proqrams art2 41~0 
being developed which will provide the strcltegy for the computer- 
to interpret an unknown mass spectrum (not contained in the 
library) and directly identify the compound (see Parts A and C). 

Li0ited libraries exist far urine and plasmd GC/Plki arrd1yseL 
and will myuire progressive comprlation (dSSiSted by the tiE3Dti~L 
interE;retation programs) as our clinical sampliny proceeds. This 
will in turn speed the throuqhput of the sy:I;tem by allowing the 
simple identification or miiterials by computer library search 
prOCf?dULXS. this library will be shared freely with oth;jr 
investigators. 

Given our ability to identify various constituents or urine? 
clnd plasma and to understand normal variation, we shdll apply tire 
c;c/ms system to pathology, making use of k.1tiant.s with alredtiy 
identitied aatabolic defects fDr control purposes. The main 
application will, of coutse, bc? diagnostic and patients with 
suygestive clinical manifestations, such as psychomotor 
retardation and progressive neuroloyic diseiis&, as well as 
suggestive pedigrees (e,'~. affected offspring of consanguinetius 
parents or multiplex si bshiys) will be investigated. These 
patients are seen relatively frequently at any university 
hospital, and their pres&!nce in the various in-patient and 
out-patient services of the Stanford Department of Pediatrics l:i 
well documanted. Tk;e CC/ES system will be helpful in diagnosing 
not only errors of amino acid metdbolism, but dlso many other 
metabolic aisorders, sc~ma of which are lactic acidamid (ref (lb), 
i~efsuflt's disease (d defect in the oxygcnatlon of phytanic dcld 
(ref lb)), nethylmalonic ncidemia (ref 17) and orotlc nciduria 
(ref Iti). w;? also recognize the potential or this methodology to 

define new errors of- IBCtdboliSm. 

We will collaborate with Protsssor Howard Mann of the 
Department of Pediatrics and derive much of the clinic&lly 
significant material ior analysis from patients in the Premature 
Research Crnter and the Clinical Mosearch ianter of the 
Department ZDL Pediatrics and the Stanford University children's 
lfospitdl* Analyses will L:e performed on exlstinq Gc iind &:3 
equipment in the Departments of GenetiCS dnil Chemistry. 

/3-J./ 
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FIGURE 1 

Gas Chromatogram of the Amino Acid Fraction of Urine 
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FIGURE 2 

Mass Spectrum of Beta-Amino Isobutyric Acid 



PART C: 

EXTENSION OF THE 

THEORY OF MASS SPECTRO?fETRY BY COMPUTER 



FART C. Extending the Theory of Mass Syectrometry by a 
Computer (Reta-DENDRAL) 

OBJECTlVES: 

The Heuristic DENDRAL performance program described in Pact 
A is an automated hypothesis formation program which models 
"routine" 
models tie 

day-to-day work in science, In particular, it 
inferential procedures of scientists identifying 

components, such as those found in human body fluids. The 
power of this program clearly lies in its knowledge about 
various classes or compounds normally found in body fluids, 
which knowledge allows identification of the compounds. 

The Meta-DENDRAL progran described in this part is a 
critical adjunct to the performance program because it is 
designed to supply the knowledge which the performance 
program uses. Theory formation is essential in order to 
carry out the routine analyses - either by hand or by 
computer. Houevec, the staggering amount of effort required 
to build a working theory (even for a single class of 
compounds) holds back the routine analyses. The goal of the 
Beta-DENDRAL program is to form working theories 
automatically (from collections of experimental data) aAd 
thus reduce the human effort required at this stage. BY 
speeding up the time between collecting data for a class of 
COmpOUAda and understanding the rules underlying the data, 
the Beta-DENDRAL program will thus provide an improvement in 
the development of diagnostic procedures. 

Theory formation in science is both an intriguing problem 
for artificial intelligence research and a problem area in 
which scientists can benefit greatly from any help the 
computer can give. While the ill-structured nature of the 
theory formation problem makes it more a research task than 
an application, we have already provided computer prograas 
which are of definite help to the theory- forming scientist. 

Bass spectrometry is the task domain for the theory 
formation program as it is for the Heuristic DENDRAL 
program. It is a natural choice for us because we have 
developed a large number of computer programs for 
manipulating molecular structures and mass spectra in the 
course of Heuristic DENDRAL research and because of the 
interest in mass spectroaetry among collaborative 
researchers already associated with the project. This is 
also a good task area because it is difficult, but not 
impossible, for human scientists to develop fragmentation 
rules to explain the mass spectroaetric behavior of a class 
of molecules. Wass spectrometry has not been completely 
formalized, and there still remain gaps in the theory. 

Understanding theory formation enough to automate 
substantial pasts of it vi11 benefit all of the biomedical 
sciences. More directly, building a computer program which 
forms a theory of mass spectrometry will greatly enhance the 
power of mass spectroaetry as a diagnostic instrument. 



Detailed accounts of this research are available in the 
DENDRAL Project annual report to the National Institutes of 
Health, in several research papers already published and in 
manuscripts subaitted for publication. 

PROGRESS: 

In the period covered by the initial NIH grant the 
lleta-DENDRAL program has moved tram a set of ideas to a set 
of working computer programs. 

The first three segments of Beta-DENDRAL have been 
programmed and can be used with new experimental data. 
These segments are first summarized and then described in 
more detail in subsequent sections, We described the 
initial design of the rleta-DERDRAL program io a paper 
presented to the 2nd International Joint Conference on 
Artificial Intelliyence (London, August, 1971). And further 
design details and partial implementation of programs uere 
described in a paper presented at the 7th Machine 
Intelligence Yorkshop (Machine Intelligence 7, 0. Meltzer & 
D. hichie, eds., 1972). 

Summary of Segment 1 

The data interpretation and summary program (INTSUPl) defines 
the space of mass spectroaetric processes, interprets all 
the data in terms of these processes, and summarizes them 
process by process. This program is capable of a much more 
thorough analysis of the data than a human can perform. 

Summary of Segment 2 

The rule formation proyram starts uith the interpreted and 
summarized results of the data. It searches the set of 
processes for those that meet the criteria for rules, and 
attempts to resolve ambrguities when several processes 
explain many of the same data points. The resulting rules 
are characteristic processes for the whole class of 
molecules. 

Summary of Segment 3 

The class separation program is an extension of the simple rule formation program just mentioned. Because the initial 
set of molecules may not all behave alike in the mass 
spectrometer, it is necessary to separate the important 
subclasses and formulate characteristic rules for each 
subclass. 

SEG#ENT 1. The initial segment of the theory formation 
program is data interpretation. After the experimental data 
have been collected for a large number of compounds, the 
program re-interprets all the data points in terms of its 
internal model of the experimental instrument. This part of 
the program has already proved useful to chemists studying 
the mass spectrometry of new classes of compounds. It has 
been described in a paper recently submitted for publication 
(Applications of Artificial Intelligence for Chemical 



Interence X. INTSUM. A Data Xnterpretation Qroycan a5 
Applied to the Collected Hass Spectra of Estroyenic 
Steroids, submitted to Tetrahedron). 

The computer program for data interpretation and summary has 
been well developed. While it is never safe to call a 
program *'finished** this program has reached the staye where 
we have turned il over to the chemists vho want to look at 
oxplana tory mechanisms for the mass spectra of many 
compounds. Ordinarily, this is such a tedious task that 
chemists are forced to limit their analysis to a very fev 
out of a total space of potentially interesting mechanisas. 
The computer program, on the other hand, systematically 
explores the space of possible mechanisms and collects 
evidence for each. 

This program is described in the Machine Intelligence 7 
l?dPer, and the results obtained by running it vith many 
estrogen spectra are discussed in the manuscript submitted 
t-0 Tetrahedron. Hr. Uilliam C. Llhite has been largely 
responsible for coding the program in LISP. The program 
runs in the overnight LISP system at the Hedical School's 
ACHE facility, and on the Stanford Computation Center IBN 
360/67. It is currently being used by Dr. Steen Hammerurn, 
a post-doctoral fellow in chemistry from the University of 
Copenhagen, to summarize the fragmentations found in the 
spectra of substituted progesterones, and by Dr. Dennis 
Smith to interpret data from other classes of steroids. 

SEGBENT 2. The second segment of Meta-DENDRAL produces 
reasonable rules of mass spectronetry. The rule formation 
segment starts with the interpreted and summarized data from 
the first segment. lt looks for the processes which are 
most frequent, vhich explain highly significant data points, 
art d which are least ambiguous vith other pr,ocesses, After 
applying these criteria, it selects a set of processes which 
appear to be characteristic of the whole set of molecules 
initially given. 

Planning before rule formation is necessary because there is 
so much information in the sumanary of possible 
fragmentations found in the data. It is desirable to 
collect all the information to avoid missing unanticipated 
mechanisms vnich occur frequently throughout the compounds 
in. the data, But even the summary of the mechanisms is 
voluminous enough to obscure the "obvious" rules vaiting to 
be found. 

Iu a planning program implemented by hr. Steven Reiss, the 
computer peruses the summary lookiny for mechanisms with 
"strong enoughI evidence to call them first-order rules of 
mass spectrometry. our criteria for strong evidence may 
well change as we gain more experience. For the moment, the 
program looks for mechanisms which (a) appear in almost all 
the COiUFOUndS (UOZ) and (b) have no viable alternatives 
(where "viable alternatives" are those alternative 

explanations vhlch are frequently occurring and cannot be 
distinguished unambiguously), 

The output of this proyram, even though crude in many 



seases, is useful to chemists who first want to see the 
highly reliable, unambiguous rules which can be formulated. 
If there are none, of course, there is little point in 
pressing ahead blindly, This is an indication that some 
modifications need to be made, for example, splitting up the 
original set of compounds into more homogeneous subgroups. 
On the other hand, if some likely rules can be found, these 
will serve as "anchor points" for resolving ambiguities with 
other sets of mechanisms and also serve as a llcoretU of rules 
to be extended and modified in the course of detailed rule 
formation. 

SEGfiENT 3, As mentioned above, class separation is 
important beta use the initial collection of compounds may 
not be known to behave alike in the instrument, The rule 
formation program must be prepared to retract its assumption 
of homogeneity. Mr. Steven Reiss, working with Dr. 
Buchanan, has written a first extension of the rule 
formation program which allous class separation on the basis 
of characteristic rules found for the subclasses. 

A paper describing segments 2 and 3 - rule formation with 
subclass separation - ,has been submitted to the 3rd 
International Joint Conference on Artificial Intelligence. 

The computer programs produced to date have already proved 
useful for helping to formulate mass spectrometry theory for 
classes of biologically relevant molecules. Chemists have 
used these programs as tools for rule formation. They have 
examined the estrogenic steroids this =a including 
separate studies on some eyuilenins, acetates and benzoates. 
Also, they have used the program to interpret data from 
several classes of pregnanes. 

Plans: 

In the coming period we propose to focus on three aspects of 
theory formation. We plan to (1) extend the capabilities of 
the programs, (2) make our rule formation programs more 
usable by chemists, and (J) continue our exploration of the 
more theoretical aspects of rule formation. 

1. We anticipate neu difficulties as the classes of 
molecules under study become more complex, either with 
respect to structural features or mass spectrometric 
behavior. Although we have made the programs flexible, 
extending the work just to new sets of data vi11 undoubtedly 
introduce new problems. 

Now that the usefulness of the programs has been 
demonstrated, we propose to couple the theory formation 
program more cliosely to data of more direct clinical 
relevance, For example, the mass spectrometry of amino 
acids and the aromatic acids frequently found in urine needs 
to be better understood before automatic analysis of the 
components of (the acid and neutral fractions of) urine is 
successful. Parts A and B of this proposal, in other words, 
can both be helped by the continuation of Part C, 

The program is now limited to forming rules which are more 
)? -, ,J 



descriptive of the sample than explanatory. Ye are 
currently working on ways of generaliziny the descriptive 
rules so that they are more truly general. Drs, sridnaran 
and Buchanan have started experimenting with computer 
programs which generalize the rules in various ways. Hr. 
Carl Farrell is currently working on a conputer program for 
his Ph. D, t hcsis which allows systematic exploration of 
various methods of generalizing OIL rules. His work 
investigates the efficacy of different control structures as 
well as ditferent inductive rules. 

2. The programs are now used by chemists, but not without a 
fair amount of help from the programming staff. Ae must 
overcome some of the barriers to facile use before the 
progr-ams can be counted as successful. For example, putting 
the data in the correct format can be made easier, as can 
defining constraints on the search space and modifying 
parameter values. 

The programs do not now require the chemist to knou LISP. 
However, we propose to develop easier access to control of 
the programs through careful design of the user interface. 
Depending on hardware limitations, ue would also like to 
provide a time-shared, graphics- oriented interface. 

3. The descriptive form of rules mentioned above may be 
inherent in the conceptual fraaeuork we have chosen for the 
rule formation program. The program uses a "ball and stickw 
model of molecular structures, so it is no surprise that 
situations and actions in rules are simyly described. We 
wish to explore more sophisticated models of mass 
spectcometry with the hope of discovering how a program 
could search the space of possible models during rule 
formation. This is still. a very challenging problem. Ye 
have so far concentrated on more practical aspects of theory 
formation - I.e., producing results of immediate utility. 
But we feel strongly that we must grapple with the outer 
reaches of the problem in order to arrive at meaningful 
solutions. 
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PART D, CARBON-13 NUCLEAR MAGNETIC RESONliNCE SPECTROSCOPY 

The goal of our Heuristic DENDRAL research is to develop 
rapid, accurate and flexible computer techniques for 
identifying unknown steroids and other biologically 
important compounds from spectroscopic data, We have made 
significant progress toward this goal: Our system is 
currently capable of correctly analyzing high-resolution 
mdss spectra of estrogenic steroids and mixtures thereof. 
As we extend our methods to the more complex problems 
presented by other steroid classes, and eventually by other 
types ot biologically important molecules, we vi.11 find it 
necessary to have available sources of structural 
information other than mass spectroscopy. Carbon-13 nuclear 
magnetic resonance (CHR) spectroscopy is an ideal candidate. 

Basically, the CM experiment measures the extent to uhich 
each carbon nucleus in the sample molecule is shielded from 
an applied magnetic field. This shielding, or chemical 
shift, is caused by the distribution of electrons around the 
nucleus, and is determined by the carbon's hybridization and 
local chemical environment. Other investigators have 
determined that the shift of a carbon is strongly dependent 
upon the nature and placement of substituents at nearby 
centers, and that to a first approximation these substituent 
effects are additive. Thus, the CIlR spectrum of a compound 
contains information which rather straightforwardly can be 
related to the possible local environments of each carbon. 
The structural information provided by CRR data compliments 
that from mass spectroscopy, and there is relatively little 
redundancy betueen the two methods. Data from the latter 
represent molecular fragaentations, which tdke Flace most 
readily near functional groups. Thus, mass spectroscopy 
frequently gives structural information about the 
environments of such groups, In CHR spectroscopy, ou the 
other hand, the chemical shifts of carbons in large alkyl 
moieties, far removed from functionality, are the best 
understood and the most predictable. Further, the 



fragmentation of large molecules such as steroids can show 
the general pattern of substitution in t&e molecule, while 
CMH shifts are sensitive to specific local patterns. 
Because the tuo methods g8meshw so nicely, we see the 
development of analytic CM8 techniques as an extremely 
fruitful field of research. Our eventual aim is to 
completely define the structures of unknown compounds using 
only these two sources of information. 

Ne are well equipped to study this field, In our Chemistry 
department, we have a Varian XL-100 (Fourier-transform) 
nuclear magnetic resonance spectrometer, one of the most 
sensitive and flexible instruments currently available for 
CMR work. We have competent investigators in our Chemistry 
and Computer Science departments who are interested in, and 
in fact currently working on, the project. Finally, we have 
had considerable experience with computerized structure 
analysis, and much of what we have learned can be applied to 
the CMR problem. 

We have already begun investigating the use of CMR data in 
automated structure analysis, with our initial study 
focussed upon the acyclic amines. The analysis of 
low-resolution mass spectra of large amines is not capable 
of discerning the structures of long alkyl chains, so ve 
felt that this class of molecules would provide a good test 
of CMR methods. MS, Hanne Eggert of our group has obtained 
the CHR spectra of over 100 acyclic amines, and has derived 
an accurate set of predictive rules relating structure to 
chemical shifts. Dr. Raymond E. Carhart has used these 
rules to develop a computerized approach to the 
identification of amine structures from observed CM8 spectra 
(see attached manuscript). The program, entitled AMINE, has 
proven to be extremely selective: The analysis of the CHR 
spectrum of trioctyl amine, for example, yields only seven 
possible structures, though the molecule has over 700 
million structural isomers. In contrast, the analysis of 
the low-resolution mass spectrum of triheptyl amine gives 
nearly 2000 solutions out of a possible 38 aillion isomers. 
These results illustrate the tremendous amount of structural 
information which CHR spectroscopy can provide. 

This source of information has, in general, been ignored in 
steroid-identification research, primarily because large 
aaounts of sample (50 milligrams or more for steroids) are 
needed to obtain reliable CHR spectra. However, CHR 
spectroscopy is still a relatively new field, and the 
sensitivity of current instruments is far from the threshold 
which new technologies can provide. We expect the minimum 
sample size to drop to the sub-milligram level in the 
future, and with such sensitivity, the CHR spectrometer 
could be a powerful tool in biochemical and aedical 
research. If this tool is to be utilized to its fullest 
extent, it is important that we begin now to develop the 
concepts and techniques needed in the interpretation of CHR 
data. 

Ue propose, then, to study various classes of steroids in 
manner analogous to the amine study, with the goal 09 
developing a program which can: 'reason out‘ steroid 



sturctures from CMR data, perhaps in combination with 
mass-spectral data- Ms. Eggert has already collected CHR 
data on a variety of keto-substituted androstanes and 
cholestanes to assess the effect of the carbonyl group on 
the chemical shifts of the steroid-skeleton carbons, and 
has, in the process, uncovered so me mistaken CPIR shift 
assignments published in the literature. We will study a 
variety of functional groups in this uay, deriving general 
cu les for predicting the spectra of more complex steroids. 
AS these rules emerge, we will couple them with tne 
computerized heuristic-search and structiure-generation 
techniques which we have developed in our previous mass- and 
CMR-spectroscopy research. 

PUBLICATIONS -- PART D 

il. E. Carhart and C, Djern;si, J, CHEH. sot, (PERKIN 
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Applications of Artificial Intelligence for Chemical Inference. XI.’ 

Analysis of Carbon-13 NMR Data for Structure Elucidation of Acyclic 

Amines 

Raymond E. Carhart' and Carl Djerassi,* Departments of 

Computer Science and Chemistry, Stanford University, 
Stanford, California, 94305, U. S. A. 

This paper describes a computer program, entitled 
AMINE, which uses a set of predictive rules to deduce 
the structures of acyclic amines from their empirical 
formulae and Carbon-13 NMR (CMR) spectra. The results, 
summarized in Tables 2-5, of testing the program on 102 
amines indicate that AMINE is quite accurate and selective, 
even for large amines with many millions of structural 
isomers, and demonstrate that the computerized analysis 
of CMR data can be a powerful analytical tool. The 
logical structure of the program is outlined here, 
including a section on the general problem of spectrum 
matching. Generalizations of the methods used by 
AMINE are suggested. 

I. INTRODUCTION 

In recent years, there has been a substantial amount of research 

directed toward the computerized identification of molecular structure 

from mass-spectroscopic 3-5, NMR,~&,~ and infra-red7 data. Our 

Heuristic DENDRAL program, 394 which relies primarily upon mass-spectral 
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data, has been shown to be quite accurate for certain classes of 

saturated, acyclic, monofunctional compounds, and more recently, the 

methods have been extended to the estrogenic steroids. 3b There are 

limitations to the information content of mass-spectral data, however, 

particularly when compounds are considered which have long, perhaps 

highly branched alkyl chains, An analysis of the mass spectrum of 

triheptylamine, for example, yields about 2000 solution structures,4 

and although this is only a small fraction of the roughly 40 million 

(non-stereochemical) isomers of C21H45N, it is still an impractically 

large number. The problem is that alkyl moieties do not give 

characteristic fragmentation patterns, and in fact, most spectroscopic 

methods are relatively insensitive to their structure. 

However, recent studies indicate that C-13 nuclear magnetic 

resonance (CMR) spectroscopy8 is an exception. For several classes of 

compounds,' rules have been obtained which allow one to predict the CMR 

spectrum of a substance from its molecular structure, and in all cases, 

the rules indicate that the chemical shift of any Carbon, even one in a 

large alkyl chain-end, depends heavily upon branching at nearby centers. 

Thus, it appears that CMR spectroscopy, either alone or in combination 

with other methods, could be a powerful tool in the computerized 

analysis of molecular structure. This paper outlines the methods by 

which such an analysis may be carried out for the acyclic amines, and 

describes a FORTRAN IV computer program,'" entitled AMINE, in which 

these methods are implemented. 


